Smart sensors and network systems are commonly referred to as Internet of Things (IoT) and are being used to realize a smart society. Although the development of low-power smart systems and large-capacity batteries is increasing the usage time of IoT devices, the time-limited capability of such systems reveals a need for self-powered sensors and systems for sustained IoT use. Mechanical energy is easily accessible from the environment to power sensors and systems. The triboelectric nanogenerator (TENG) converts mechanical energy into electric energy was first introduced in January 2012 by Wang et al., and we describe recent developments in the triboelectric properties of the polymers because the contact electrification between the two different materials is a key factor of TENG. This review article discusses the four operating modes of TENG, the working mechanism, the theoretical modelling of the vertical TENG, and the research aspects of the material.
Introduction
Recently, smart sensors and network systems, which are also referred to as IoTs, are being used to realize a smart networking society [1] [2] [3] . These IoTs are being used in applications useful for daily life [4, 5] . However, it is difficult to connect electric wires directly to multitudinous sensors and a battery needs to be used as a temporary power source [6, 7] . Due to limited power capacity and operating time, extending the operating time is a critical issue [8] . A typical approach is to enlarge the capacity of battery, and another approach is to develop highly power efficient sensors and networking systems to extend the operating time [9] . However, without additional energy charge during system operation, ultra-low power consumption systems and large capacity batteries cannot ensure permanent operation. Therefore, there is a demand for self-powered sensors and systems to overcome such time-limited systems [10] .
Generally, there are a variety of accessible green energy sources that are converted into electrical energy [11] [12] [13] [14] [15] [16] . Photovoltaic [17, 18] , thermoelectric [19, 20] , pyroelectric [21, 22] , piezoelectric [23, 24] and triboelectric [25, 26] energy converting systems have been investigated to realize self-powered electronics. Mechanical energy is one of the most widespread and abundant energy sources and it is a promising energy source for powering small electronics [27] . Thus, among energy conversion systems, triboelectric energy converting systems have recently become more promising because TENG utilizes mechanical energy as an input energy source and adapts to various mechanical energy types in a variety of operating modes, such as vertical contact and separation mode [28] , lateral sliding mode [29] , single electrode mode [30] and freestanding triboelectric layer mode [31] . Therefore, the combination of a sensor and TENG is going to allow the sensor to operate and harvest energy at the same time [32] . In practice, smart sensors and network systems have a certain sampling rate and periodically consume energy [33] . In other words, an IoT system operates in sleep and active modes while the sleep mode has a much longer in duration than active mode with minimal power consumption [34] . In addition, since TENG constantly harvests energy and charges the battery, the energy collected during the sensor's sleep mode cycle to provide sufficient power to activate smart sensors and network systems. Fig. 1 . schematically describes the battery lifetime of both typical sensors and self-powered sensors. Typical sensors normally consume energy in the active mode and conserve energy in the sleep mode [35] . Even if the power consumption of the sensor decreases or the battery capacity increases, battery replacements are still required [36] . On the other hand, self-powered sensors using TENG can charge the battery during sleep to realize permanent smart sensors [37] . Therefore, implementing self-powered sensors requires highperformance TENG, battery and power management circuits [38, 39] . In particular, TENG is the most important part for self-powered sensors, so we describe recent developments in the triboelectric properties of the polymers for high power performance TENG.
Triboelectric nanogenerators
TENGs convert mechanical energy into electric energy based on triboelectrification and electrostatic induction [40, 41] . When two different materials come into contact with each other, both materials have surface charges with opposite polarity, which are known as triboelectric charges (See Fig. 2a. ) [42] . Triboelectric series determine the polarity of the surface triboelectric charges, and these charges are the main source of electrostatic induction in electrodes with certain potential differences [43] . After the formation of surface triboelectric charges, the relative positional change in the two materials through external mechanical energy induces an electric potential difference between the electrodes and causes the electric charge to flow through the external circuit to maintain the electrostatic equilibrium (See Fig. 2b-2d. ) [44] . Therefore, mechanical energy is converted into electricity using this well-known mechanism. [34] with permission from AIP Publishing.
As described above, TENGs can utilize various mechanical energy types, including vertical motion [45] , lateral motion [46] and rotational motion [47] . As described in Fig. 3 ., the four TENG modes consist of different configurations of the triboelectric layer and electrode [48] . Thus, the triboelectric layer will be carefully determined according to the type of mechanical energy to ensure stable electron transfer capability [49] . The surface morphology, compressive strain stability and electron transfer capability are important to maintain a stable performance in contact separation mode and single electrode mode TENGs [50] . For lateral sliding mode and freestanding triboelectric layer mode TENGs, the coefficient of friction, wear resistance and thermal resistance are crucial factors the ensure stability because they retain the surface triboelectric charges much harder than in other modes [51] . In other words, it is impossible to maintain high-performance TENGs without precise material design [52, 53] .
Here, we focus on vertical contact mode TENG to analyze its material aspects. The voltage between the electrodes (V), the total transferred charge between the electrodes (Q), and the separation distance of two triboelectric layers (x) are the three core parameters of the basic theoretical equation that represents the power performance of the TENG [54] . Depending on the triboelectric material pair, TENG is classified as dielectric to dielectric TENG and conductor to dielectric TENG [53] . Both TENG models are shown in Fig. 4 . as in Ref. [54] . There are two dielectric layers, each with a thickness of d1 and d2, and the relative dielectric constants εr1 and εr2 have the same active area (S). A metal layer is deposited as an electrode beneath the two triboelectric dielectric layers. The distance between the dielectric layers can change under external mechanical forces. After contact electrification by external forces between the two dielectric layers, the interface has the opposite surface charges density (σ) with equal quantity. Since these triboelectric charges form on the dielectric layers, the surface charges are assumed to be uniformly distributed on the surfaces [55] . When the two dielectric layers begin to separate from the contact state with an increase in x, a potential difference (V) will be induced. The total transferred charges (Q), which are induced by the potential represent the amount of charges on the electrodes. With this model, the dielectric to dielectric contact-mode TENG V-Q-x relationship can be derived using equation (1) [53] .
The model for the conductor to dielectric TENG has Metal 1 instead of Dielectric 1. Therefore, the total charge in metal 1 is the surface triboelectric charge (S•σ) and the transferred charges between the two electrodes (-Q), so the total charges in Metal 1 are (S•σ-Q). With this model, the conductor to dielectric contact-mode TENG V-Q-x relationship can be derived using equation (2) [53] .
Based on equation (1) and (2), it is able to provide important guidance for the specific design of TENG as a permanent power source.
Materials for TENG
Since the triboelectric series were reported [56] , many research groups have investigated and synthesized new materials for the triboelectric layer [57] . Zhang et al reported a triboelectric fiber based wearable textile TENG (see Fig. 5 .) [58] . In addition, the weaving textile TENG or knitting textile TENG was made using two different conductive threads to enhance output performance. Poly(amide) fibers, nylon, were one of the most positive triboelectric materials [9] , and the cellulose fibers, cotton, which can react with chlorosilanes to form surface grafted siloxanes that are chemically functionalized by silanes and regulated as negative triboelectric materials. Thus, the nylon textile that has a positive triboelectric material, functionalized cotton (F-cotton) textile with a negative triboelectric material, and conductive textile with an electrode composed of the textile TENG. Both triboelectric textiles were sown to the conductive textiles to reduce the contact resistance and ensure efficient electrostatic induction. Due to the difference in the work function, the surface charge generated between F-cotton and nylon textiles could be maximized (see Fig. 5a.) . Also Zhang et al reported two-in-one triboelectric textiles that were fabricated using a conductive nylon thread and polytetrafluoroethylene (PTFE) wrapped conductive nylon thread (see Fig. 5b.) . Fig. 5c . showed optical images of two woven (Weave 1 and Weave 2) and one knitted triboelectric textile (Knit 1). A schematic illustration of the Weave 1, Weave 2 and Knit 1 next to the optical images demonstrated a brief pattern of triboelectric textiles. The Weave 1 TENG was generated around 1 V by gentle touching, and Weave 2 TENG generated over 1 V or 3 V via gentle stretching or patting respectively. The two different threads for Knit 1 TENG were contacted throughout the textile, and knots allowed additional contact sites for threads that were highlighted by the dots in Fig. 5c ., the schematic image of Knit 1. Theoretically, the porous structure of Knit 1 TENG should provide sufficient space and a large displacement between the threads, which results in large amounts of charge transfer between the electrodes. However, Knit 1 TENG generated around 1 V because Knit 1 TENG had insufficient friction points compared to the Weave TENG. Optimizing the knitting textile will increase the contact area between the positive triboelectric thread and negative triboelectric thread of the TENG and will provide additional contact sites. Therefore, a proper balance between ample spacing between the threads and the density of the contact points achieves the most efficient friction and maximum charge collection to improve the output of the textile TENG. Another approach is to utilize a conductive polymer, as reported by Wang et al [59] . Conducting polypyrrole (cPPy) based TENG utilized cPPy as a triboelectric layer and electrode material instead of a metal. In particular, a novel hollow hornlike morphology (hPPy), a surface treated cPPy, was applied as a triboelectric layer. As shown in Fig. 6 ., hPPy was used as a triboelectric layer and electrode, and the PTFE/cPPy layer was used as the counter triboelectric layer composed of a PTFE friction layer and cPPy back electrode. Three TENGs were stacked and connected in parallel to improve the output performance. The micro horns for hPPy were synthesized to be dense and homogeneous with an average 100 nm diameter, 5 ~ 10 μm length and approximate density as 10 6 ~ 10 7 per cm 2 . This unique surface structure of hPPy enlarged the effective contact area and contact electrification on the surface. Fig. 6c . showed the working mechanism of the basic vertical contact-separation mode hPPy-based TENG, which was a coupling of the triboelectrification and electrostatic induction. As described above, the triboelectric surface charge density (σ) was an important parameter of the TENG performance, so Wang et al analyzed the triboelectric surface charge density of hPPy, cPPy and copper (Cu) based TENGs, respectively (see Fig. 6d-6f.) . The charge density of cPPy-based TENG and Cu-based TENG were both about 40 μCm -2 . However, the hPPy-based TENG was about 84 μCm -2 , which was twice higher than that of the other surface charge density. In addition, the hPPy-based TENG generated two times higher power performance than that of the other triboelectric layer TENGs. They proposed two aspects to improve the surface charge density and the performance of the hPPy-based TENG. The enlarged effective contact area due to the microstructure of the surface and shape adaptive contact behavior of surface treated hPPy led to efficient triboelectrification [60, 61] . Therefore, the potential of conductive polymer based TENG and surface treatment can be controlled to optimize the output performance.
Improving the reliability of TENG is important as improving the performance. A deterioration of the surface micropattern on the triboelectric layer due to external mechanical forces results in a degradation in TENG performance. As a consequence, the output voltage and current are reduced, and therefore the output power of the TENG is dramatically reduced. Lee et al reported the shape memory polymer (SMP) to extend the TENG lifetime and to allow a reconstruction of the micropatterns [62] . The vertical contact separation mode TENG was made on the surface of the micro pyramid patterned negative triboelectric shame memory polyurethane (SMPU) and aluminum (Al) electrode (see Fig. 7.) . The SMPU pyramidal micropattern was greatly deformed by an external compressive force of 10 kgf at room temperature. This degradation in the surface micropattern dramatically reduced the SMPU-TENG performance (Fig. 7.b.) . After the surface pattern degradation, the output voltage and current decreased from 83 V and 3 μA to 17 V and 0.5 μA respectively. To recover the surface micropattern of the SMPU-TENG, Lee et al raised the entire device temperature from 25 o C to 65 o C using a hot plate. After the temperature reached a glass transition temperature (Tg) of 55 o C due to the inherent characteristics of the SMPU, the SMPU recovered its original pyramid surface micropattern. Therefore, after SMPU-TENG healing, the output voltage and current also recovered to their original power performance. In addition, they performed 30 consecutive deterioration and healing cycles in the same SMPU-TENG to confirm the repeatability and stability of the SMPU. This demonstration showed that the SMPU-TENG could be healed after the SMPU micropattern and performances degradation, and could recover its energy harvesting capabilities. Therefore, a new smart selfhealing polymer-based TENG provides an innovative way to recover TENGs from degradation due to excessive external mechanical forces.
Polymer development for high power TENGs
Over the past several decades, the development of polymer properties has been studied and many key elements that improve polymer properties have been researched [63] . Kim et al reported that the ferroelectric properties and TENG performance improved by increasing the crystallinity of the ferroelectric polymer [64] . The ferroelectric polymers were one of the most promising candidates for triboelectric layers because they had inherent properties that could be changed from negative to positive by a poling process. Tetrahydrofuran (THF), methylethl ketone (MEK), dimethylformamide (DMF) and demethylsulfoxide (DMSO) had dipole moments of 1.75, 2.7, 3.8, 4.1 D at 20 o C, respectively, and were considered as P(VDFTrFE), ferroelectric polymer, solvents. Fig. 8a . showed a schematic illustration of the P(VDF-TrFE) dissolved in a low dipole moment solvent and a high dipole moment solvent. The P(VDF-TrFE) dissolved in a high dipole moment solvent was predicted to form a longer chain length, better orientation and higher crystallinity [65, 66] . To investigate the relationship between the solvent and crystallinity, the P(VDF-TrFE) thin films were prepared using four different solutions, and X-ray diffraction (XRD), differential scanning calorimetry (DSC) measurements were performed. Fig. 8b . showed the results of the XRD measurements and confirmed the β phase of P(VDF-TrFE) [21] . Although the four solvents-based P(VDF-TrFE) had a β-phase, the higher crystalline P(VDF-TrFE) had a lower value of full width at half maximum (FWHM) at the β-phase peak position [67] . THF, MEK, DMF and DMSO had values of 0.79, 0.78, 0.74 and 0.70 FWHM, respectively, and demonstrated that the high dipole moment solvent had a higher crystalline P(VDF-TrFE). Based on the DSC measurement results, they calculated the percentage of the crystallinity ratio of P(VDF-TrFE) using equation (3) [68] .
Xc was the crystallinity percentage, ∆ was the melting enthalpy, and ∆ was the melting enthalpy of a 100 % crystalline P(VDF-TrFE) (i.e., 91.45 mJ mg , respectively, from the DSC heating curves. Thus, the crystallinity of P(VDF-TrFE) based on THF, MEK, DMF and DMSO solvents were 18.48 %, 23.07 %, 25.15 % and 25.59 %, respectively. In addition, the gel permeation chromatography (GPC) measurements showed that a higher dipole moment solvent formed a longer chain length and higher molecular weight. Using the developed P(VDF-TrFE) layers, the vertical contact and separation mode TENGs were fabricated (see Fig. 8c.) . When the Al and P(VDF-TrFE) triboelectric layers contact the 1 kgf at 3 Hz, the output voltage and current for THF, MEK, DMF and DMSObased TENG were 206 V and 126.9 μA, 234V and 147.8 μA, 251 V and 180.5 μA, and 340 V and 220 uA, respectively. Compared to a low dipole moment solvent and high dipole moment solvent, the power performance of the DMSO-based TENG significantly enhanced the voltage up to about 65 % with a current of up to 75 %. Therefore, the strategy to increase the crystallinity of the polymer provides a promising way to develop polymers for high performance TENG. Another approach is the surface functionalization that was reported by Shin et al [70] . They investigated the atomic level chemical functionalization effect of the polymer surface on the triboelectrification effect, and proper chemical functionalization of polymer surfaces could modify a wide range of triboelectric properties. Fig. 9a . described the polymer surface of the chemical functionalization with various molecules. Poly(ethylene terephthalate) (PET) was cost-effective, accessible, and solution processable. In addition, the oxygen plasma treatment on PET could easily form hydroxyl groups (-OH) on the surface [71] , and this hydroxyl surface groups provided a strong covalent bond between the proper functionalized groups and the PET. To negatively functionalize the surfaces, halogenterminated "aryl"-silane derivatives, triethoxy(phalophenethyl) silane (p-XC6H4)CH2CH2Si(OEt)3, were synthesized: triethoxy(phenethyl) silane (X = H), triethoxy (4-bromophenethyl) silane (X = Br), triethoxy (4-fluorophenethyl) silane (X = F), and triethoxy (4-chlorophenethyl)silane (X = Cl). To simplify this, they named H-PET, Br-PET, F-PET and Cl-PET, respectively (see , which was 2 order higher values of the HPET and PEI(1) pair TENG. Thus, a simple surface functionalization strategy provides a wide range of triboelectric polymer properties and enhances the power performance.
The other approach is the reliable ion doping effect on the triboelectric property of the polymer contact layers to achieve high-performance TENGs. Ryu et al reported that polymer friction layers of TENG could enhance the triboelectric properties by adding electrolytes with asymmetric ion pairing [73] . Fig. 10a . showed schematic images of the polyvinyl alcohol (PVA) based solid polymer electrolyte (SPE) TENG and described the possible triboelectric properties of the SPEs after contact with the PVA, such as more positive, more negative or the same triboelectric property than PVA. Surface potentials of CaCl2, H3PO4 and HCl SPEs were analyzed to study the ion pair effect on the triboelectric property of polymers using KPFM. 0.25 M to 0.75 M CaCl2-PVA based SPEs, 0.5 to 1.5 M H3PO4-PVA based SPEs and 1M HCl-PVA based SPE was examined. In Fig. 10b ., the concentration of the electrolyte and type of ions significantly changed the surface potential of the PVA-based SPEs. The surface potential of H3PO4-PVA SPE, which had more cations than anions, changed from +247 to −285 mV, and the result of H3PO4-PVA SPE showed more negative triboelectric property than pristine PVA. In contrast, the surface potential of CaCl2-PVA SPE, which had more anions than cations, changes from +247 to +705 mV, and the result of CaCl2-PVA SPE showed more positive triboelectric properties than pristine PVA. However, the surface potential of HCl-PVA SPE, which had equal anions and cations, did not change, and the result of HCl-PVA SPE showed similar triboelectric properties like pristine PVA. Based on these results, they modified the triboelectric series of the SPEs, PTFE, nylon and PVA (see Fig. 10c.) . To compare the output performance of the nylon-PTFE, Al-PTFE and SPE-PTFE pair TENGs, they fabricated 16 cm 2 square TENGs. The output performance of the nylon-PTFE pair TENG and Al-PTFE pair TENG were 86 V and 8.7 μA, and 40 V and 4 μA, respectively, because Al had sufficient free electrons and could generate more surface triboelectric charges than nylon during the contact process. Significantly, the CaCl2-PVA 0.75 M SPE-PTFE pair TENG was generated over 211 V and 27 μA and it offered much higher power performance than the Al-PTFE pair TENG. Therefore, the iondoping strategy provides a wide modifying range of triboelectric polymer properties and enhances the power performance.
Conclusion and future perspectives
Over the last few years, autonomous smart sensors and network systems have been developed to realize a smart network society. In particular, the importance of userfriendly smart electronic devices, including multifunction, portable and permanent operation, will be needed in the near future. In addition, independent energy sources are highly desirable. Although smart electronic devices have been developed to be smaller and smarter, its power sources are still limited. Thus, despite developing smart systems to reduce power consumption, limited power sources offer limited operating time. As a result, it is necessary to extend the operating time. Therefore, the demand for self-driven sensors and systems is increasing to overcome this time-limited system. Among energy-harvesting systems, TENG is a feasible energy generator that uses widespread, abundant mechanical energy in our daily life. When two dissimilar materials are in contact with each other, the interface between the two materials generates surface charges with opposite polarity, which are known as triboelectric charges. Therefore, the triboelectric polymer layers determine the power performance and efficiency of the TENG. In this paper, the power performance and development of the triboelectric polymer is analyzed using the vertical contact and separation mode TENG. In terms of enhancing the output performance, material research and development has made significant progress based on the V-Q-x relationship. We discussed various approaches to increase the triboelectric surface charge density, the importance of proper balance between ample spacing and contact point density, and overcoming the typical limitations of TENG. Moreover, polymer development can be further used to enhance and control the triboelectric properties. To improve the TENG performance via miniaturization and high power density, new effective triboelectric materials have been developed. In particular, the discovery of new materials and the development of conventional material strategies will lead to dramatic synergies. Therefore, continuous effort to develop TENGs is instrumental to realize selfpowered permanent IoT systems in the future.
